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Introduction: The current understanding of morphological deformities of the hip such as femo-
roacetabular impingement (FAI), LeggeCalvéePerthes disease (LCPD), and slipped capital femoral epi-
physis (SCFE) is based on two-dimensional metrics, primarily involving the femoral head, that only
partially describe the complex skeletal morphology.
Objective: This study aimed to improve the three-dimensional (3-D) understanding of shape variations
during normal growth, and in LCPD and SCFE, through statistical shape modeling.
Design: Thirty-two patients with asymptomatic, LCPD, and SCFE hips, determined from physical
and radiographic examinations, were scanned using 3-D computed tomography (CT) at a voxel size of
(0.5e0.9 mm)2 in-plane and 0.63 mm slice thickness. Statistical shape modeling was performed on
segmented proximal femoral surfaces to determine modes of variation and shape variables quantifying
3-D shape. In addition, conventional variables were determined for all femora.
Results: Proximal femur shape was described by eight modes of variation and corresponding shape
variables. Statistical shape variables were distinct with age and revealed coordinated, growth-associated
differences in neck length-to-width ratio, femoral head medialization, and trochanter protrusion. After
size and age-based shape adjustment, diseased proximal femora were characterized by shape variables
distinct from those of asymptomatic hips. The shape variables deﬁned morphology in health and disease,
and were correlated with certain conventional variables of shape, including neck-shaft angle, head
diameter, and neck diameter.
Conclusion: 3-D quantitative analyses of proximal femoral bone shape during growth and in disease are
useful for furthering the understanding of normal and abnormal shape deviations which affect cartilage
biomechanics and risk of developing osteoarthritis.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The importance of the shape of the proximal femur for proper
hip joint function and maintenance of cartilage biomechanics has
become increasingly apparent over the past decade with the con-
ceptualization of femoroacetabular impingement (FAI) and the
associated risk of early osteoarthritis in adults1e3. FAI is manifest asR.L. Sah, Department of Bio-
San Diego, 9500 Gilman Dr.,
-822-1614.
han), cfarnsworth@rchsd.org
ziol), HHosalkar@rchsd.org
s Research Society International. Pa cam-type protrusion of the femoral neck, either alone or with a
pincer-type over-coverage of the acetabular rim, and can be idio-
pathic or a result of childhood skeletal disorders. While the etiology
of FAI is unknown, two common pediatric hip disorders that result
in altered proximal femoral morphology often leading to FAI are
LeggeCalvéePerthes disease (LCPD) and slipped capital femoral
epiphysis (SCFE)4e6.
The complex and evolving femoral morphologies of LCPD and
SCFE are often challenging to quantify, manage, and treat clin-
ically5,7e9. In LCPD, idiopathic osteonecrosis occurs due to dis-
ruption of blood supply to, and growth arrest of, the femoral head
growth plate. LPCD results in altered proximal femur morphology
with a misshapen femoral head, a short and wide neck, and, in
severe cases, overgrowth of the greater trochanter10. In SCFE, theublished by Elsevier Ltd. All rights reserved.
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metaphysis, due in part to excessive mechanical shear forces. SCFE
results in an increasingly displaced head and misshapen neck,
depending on the acuteness and severity of slip10. While these
diseases have been studied extensively, most quantitative analyses
have been based on two dimensional (2-D) plain ﬁlm radiographs.
Classiﬁcation of these shape abnormalities are often based on broad
ranges of parameter values (e.g., Southwick mild slip from 0 to 30)
or on semi-quantitative shape descriptors (e.g., Stulberg Class IV
with >1 cm ﬂattening of weight-bearing femoral head)5,11e13. 3-D
analyses of the gross morphological deformities in these two
pediatric hip disorders would provide additional understanding of
disease mechanobiology, as well as insight into deformations that
occur in other morphological hip disorders such as FAI which lead
to increased risk of osteoarthritis.
The 3-D shape of joints can be described by ﬁts to local surface
structure or globalmorphology. Local ﬁtting of surface positionswith
techniques involving large numbers of parameters such as piecewise
parametric surface patches, B-spline, or thin-plate spline repre-
sentations14 are useful for representing detailed surface structure.
Such approaches are particularly suitable for the delineating the
substantial variations with age-associated osteoarthritic erosion or
injury-associated cartilage lesions. On the other hand, ﬁtting of
surface positions with relatively few parameters that deﬁne global
morphology, such as medial representations15 and statistical shape
models (SSMs), may provide practical metrics for characteristic
macroscopic shape patterns in development or disease.
The hypothesis of this study was that coordinated, regional
shape deformations of the proximal femoral bone surface occur in
pediatric hip disorders LCPD and SCFE, and these shapes can be
quantitatively described in 3-D using statistical shape modeling.
The aims of the studywere to advance the understanding of normal
development of the proximal femur and abnormal deformations of
LCPD and SCFE through 3-D statistical shape variables and corre-
lations with conventional variables.Fig. 1. Representative sagittal and transverse CT cross-sections of (AeH) asymptomatic left h
cam þ pincer impingement, and SCFE (L, Q) mild, (M, R) moderate, and (N, S) severe slip.Materials and methods
Patients
With Institutional Review Board approval, clinical computed
tomography (CT) scans of 32 patients (range: 7.0e18.2 years; mean:
13.0 years) with a range of hip diagnoses were obtained. Informed
consent from patients was obtained after the nature and possible
consequences of the studies were explained. The number of
patients was targeted to obtain a minimum of three hips per age or
disease group (described below) to build the SSM. CT scans were
obtained at a voxel size of (0.5e0.9 mm)2 in-plane and 0.63 mm
slice thickness (GE Lightspeed VCT, GE Healthcare, USA), and
included the entire hip joint with the view spanning at a minimum
from the superior iliac crest to the inferior edge of the lesser tro-
chanter. Left and right hips were classiﬁed into asymptomatic,
LCPD, or SCFE disease subgroups (Fig.1, Supplementary Table S1) by
a pediatric orthopedic surgeon (HSH) based on history, clinical
presentation, CT assessment, and antero-posterior (AeP), frog-leg,
and/or cross-table lateral radiograph assessment. Only one hip
was included for analysis if the contralateral hip was classiﬁed in
the same experimental group. Both hips were included for analysis
if the contralateral hip was classiﬁed in a different experimental
group. Additional statistical measures were implemented to cap-
ture the effect of having two hips from the same individual
(described below).
Asymptomatic (n ¼ 21, 12 males [m]/nine females [f]) hips
were comprised of morphologically normal, contralateral hips of
LCPD patients, or hips of patients with tibial torsion, and analyzed
in four age groups (6e9 years: n ¼ 4, 2m/2f; 9e12 years: n ¼ 5,
3m/2f; 12e15 years: n ¼ 6, 2m/4f; and 15e18 years: n ¼ 6, 5m/1f)
corresponding to distinct stages during human postnatal growth.
LCPD hips (n ¼ 5, 3m/2f) in the healing stage of the disease with
Stulberg outcome classiﬁcation ranging from Grade II to V were
included in the study. Grade II described spherical, congruentips at 7, 10, 13, and 16 years, and affected hips with LCPD (J, O) cam impingement, (K, P)
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described aspherical, incongruent hips with ﬂat femoral heads.
Femoral head asphericity and/or acetabular over-coverage were
conﬁrmed using alpha angle16, lateral center-edge angle17, and
acetabular index18 measurements. SCFE hips were subcategorized
by severity using the Southwick angle19, with <30 as mild
(n ¼ 8, 5m/3f), 30e50 as moderate (n ¼ 7, 5m/2f), and >50 as
severe (n ¼ 4, 3m/1f) slip. Average Southwick angles for mild,
moderate, and severe slip groups were 14  4, 40  6, and
62  4, respectively. Hips with other pathologies (extra-articular
impingement, developmental dysplasia, etc., n ¼ 11) were not
analyzed further.
CT image processing
CT scans were imported into Mimics (Materialise, Belgium) for
surface segmentation and 3-D reconstruction. Left femora were
ﬂipped in orientation to match right femora. Cartilageebone
interfaces were identiﬁed by thresholding for bone, segmented,
cropped at the base of the lesser trochanter, and exported as point
clouds for statistical shape modeling. All subsequent analyses were
performed with MATLAB R2010a (Mathworks, Natick, MA, USA)
using custom software.
A coordinate system for the asymptomatic proximal femur was
deﬁned similar to previous methods12,20. Femoral neck and femoral
shaft axes were determined as the axes of the least-squares best-ﬁt
cylinders to the respective regions. The z-axis (supero-inferior) was
deﬁned as the femoral shaft axis, the y-axis (AeP) as the cross
product of the shaft and neck axes, and the x-axis (medio-lateral) as
the cross product of the y- and z-axes. Thus, the xez plane con-
tained both the femoral shaft and femoral neck axes.
Conventional shape variables
After rotation of all femurs to the coordinate system, points of
the femoral head were best-ﬁt with an ellipsoid to determine the
three principal radii and the location of the center of the femoral
head. In addition, the apices of the greater and lesser trochanters
were identiﬁed. The following six conventional shape variables
were then determined in the 3-D datasets:
1. Femoral neck-shaft angle: the angle between the femoral neck
and shaft axes.
2. Intertrochanteric distance: the shortest distance between the
apices of the greater and lesser trochanters.
3. Femoral head diameter: twice the maximum radius of a least-
squares best-ﬁt ellipsoid to the femoral head.
4. Femoral neck diameter: the diameter of the best-ﬁt cylinder of
the neck.
5. Femoral head eccentricity: (1(b2/a2))1/2, where a is the max-
imum radius, and b the minimum radius, of the best-ﬁt ellip-
soid of the femoral head. Eccentricity ranges from 0 for a
perfect sphere to a maximum approaching 1, with ﬂattened
heads having a value of w0.7.
6. Femoral head medial offset: the medio-lateral distance from the
center of the femoral head to the shaft axis in the proximal
femur coordinate system.
SSM
A subset of samples that captured the full range of shape var-
iations in the study population was ﬁrst used as a training dataset
to build the model (Supplementary Fig. S1). The training dataset
consisted of 24 proximal femora (n ¼ 3 of 4 asymptomatic age
groups and also of four LCPD/SCFE disease groups) that capturedthe full range of shape variations in the study population. Training
samples were rigidly registered and isotropically scaled to the
largest-volume sample with MATLAB. Point-to-point correspond-
ences between coordinates of each femur were deﬁned automati-
cally, following previously establishedmethods21 by ﬁrst iteratively
constructing a normalized, average atlas shape and then extrap-
olating points, termed landmark coordinates, in corresponding
locations to each proximal femur. The atlas converged after four
iterations, as determined by the kappa statistic21 (Supplementary
Fig. S2a). The human proximal femur SSM contained 1,000 land-
marks, equivalent to approximately one landmark every 4.3 mm
across the surface.
The SSMwas built from landmarks of the training samples using
principal component analysis21,22. A mean shape was calculated
from training sample landmarks, and deviations of each shape from
the mean were determined. Singular value decomposition of the
covariance matrix was performed to obtain the eigenvectors and
corresponding eigenvalues (in descending order). The eigenvectors
represent themodes of variationwithin the training set, analogous
to the principal axes of an ellipse. The eigenvalues represent the
variance explained by each mode, or the amount of contribution of
each mode to overall joint shape variation.
The SSM was subsequently applied to all samples to determine
statistical shape variables. Each sample’s CT dataset was segmented
in Mimics, rigidly aligned to the reference femur from the training
set, non-rigidly aligned to the model atlas shape to extrapolate
landmarks, and then ﬁt to the SSM to determine the shape varia-
bles. Using the modes of variation from the model, the shape
variables, b, of each sample was calculated from x ¼ ẋþ Pb, where
ẋ is the mean shape, P ¼ (p1jp2j.jpt) are the ﬁrst t modes of var-
iation that explain >90% of the total shape variance, and x is the
sample shape as represented by the location of the landmark
coordinates. The shape variables are univariate variables that rep-
resent the distance weighting score associated with each mode of
variation. All shape variables were normalized to one standard
deviation (SD) of the mode, calculated as the square root of the
corresponding eigenvalue, to elucidate the relative variation of each
mode22. Shape reconstructions from statistical shape variables
were representative of the original shape of the proximal femur.
Average root mean square error between the reconstructed shapes
(from statistical shape variables) and the original segmentations
from CT scans was 0.78 mm, or less than one pixel at the lowest
resolution (Supplementary Fig. S3).
Conventional and statistical shape variable age-adjustment
For comparisons between the average asymptomatic and disease
groups across age ranges, both conventional and statistical shape
variables were ﬁrst age-adjusted to account for differences in size
and shape due to age (Supplementary Fig. S4). Variables that varied
with age in the asymptomatic samples were identiﬁed by linear
regression, and variables subsequently adjusted to that of 12 years
(mean age of asymptomatic samples). Without age-adjustment,
asymptomatic 6e9 year and 15e19 year age groups differed from
the 12 year shape by 6.36  2.39 mm and 4.06  1.81 mm,
respectively, compared to 2.03  0.70 mm for the 12e15 year group
(Supplementary Table S4). With age-adjustment, all asymptomatic
age groups differed from the 12-year shape by an average of
2.05 mm, indicating the extent of normalization due to adjustment
for asymptomatic, age-related size and shape differences.
Statistics
Statistical analyses were performed using SPSS Statistics 21 (IBM,
Armonk, NY). Differences in conventional and statistical shape
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assessed by a one-way analysis of variance (ANOVA) with post-hoc
Tukey test. Differences in variables between disease groups were
assessed by a linearmixedmodel with a ﬁxed factor of disease group,
covariate of age, and random effect of patient to account for the
inclusion of both hips in a subset of patients. Pairwise multiple
comparisons were performed with Dunn-Sidak adjustments. Corre-
lations between conventional and statistical shape variables were
determined by linear regression. Data of individual experimental
groups are described by mean  standard error of the mean (S.E.M.)
except where indicated.
To determine the usefulness of SSM in identifying SCFE from
asymptomatic femora, statistical shape variables were analyzed by
logistic regression. All asymptomatic and SCFE femorawere included
for the logistic regression analysis and classiﬁed as described above.
Modes 1e8 were initially used as candidate covariates and ﬁtted by a
stepwise linear logistic regression in SPSS. The best predictors of SCFE
were determinedusing a backwards selection techniquebased on the
Likelihood Ratio Statistic, with the criteria of P < 0.05 to keep
covariates in the model. The Wald statistic provided an index of
signiﬁcance of each mode as a predictor of SCFE. Goodness of ﬁt of
the logistic regression was assessed by the area under the receiver
operating characteristic (ROC) curve, with larger areas indicative of
better ﬁt (maximum area of one). LCPD femora were not included in
the logistic regression analysis due to small sample size.
Results
Abnormalities in proximal femur shape were described by eight
modes of variation
The ﬁrst eightmodes of variation in the SSM accounted for>90%
of overall shape variation between asymptomatic and disease
states, with the modes numbered in descending order based on
contribution to overall shape (Fig. 2). The modes of variationFig. 2. Schematic and description of the eight modes of variation that account for 92% of the
lines indicate three SDs from the mean shape. Percentages indicate the amount of total
M ¼ medial, P ¼ posterior S ¼ superior.described shape variations within the population, normalized for
size. Mode 1 (Supplemental Movie S1) affected the overall spher-
icity of the femoral head and femoral neck length andwidth. Modes
2e4 (Supplemental Movies S2eS4) accounted for the femoral head
AeP epiphyseal position and greater trochanter medial-lateral
width, supero-inferior epiphyseal position and trochanter pro-
trusion, and neck shape, respectively. Modes 5e8 deﬁned femoral
head medial protrusion and greater trochanter curvature,
superior femoral head shape, femoral head posterior protrusion
and lesser trochanter location, and trochanteric fossa shape.
Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.joca.2012.12.007.
Statistical shape variables were distinct between asymptomatic,
LCPD, and SCFE groups
The normal growth-associated differences in shape of the
asymptomatic proximal femora were quantiﬁed ﬁrst. Femora at
each age differed in shape in a number of ways [Fig. 3(A(iev)) and
Table I]. The femoral neck length-to-width ratio decreased with
age, corresponding to an increase in Mode 1 (P< 0.05) [Fig. 3(A(i))].
Greater and lesser trochanters became increasingly protuberant
with age as the femoral epiphysis moved medially (decrease in
Mode 3, P < 0.01), with small variations in the headeneck tran-
sition region, greater trochanter curvature, and head protrusion
(Modes 4e6, P ¼ 0.14e0.47).
To facilitate comparisons between disease and asymptomatic
samples, shape variables for modes of variation that were age-
dependent (Modes 1 and 3, P < 0.01), were age-adjusted to
12 years (Table II).
LCPD hips were compared to asymptomatic hips to evaluate
overall femoral shape differences using SSM. LCPD proximal femora
had short and wide femoral necks and ﬂattened heads compared to
asymptomatic hips [Mode 1: asymptomatic, 0.71  0.07;
LCPD, þ1.16  0.31; P < 0.0001; Fig. 3(A(vi))]. In addition, LCPDtotal shape variation in the human proximal femur (normalized to size). Solid/dashed
shape variance explained by a particular mode. A ¼ anterior, I ¼ inferior, L ¼ lateral,
Fig. 3. (A) Statistical shape variables (Modes 1e4) and conventional shape variables determined from3-Ddatasets of proximal femora. (A(iev), A(xiexv)) Variableswere directly compared
between age groups of asymptomatic hips. (A(viex), A(xviexx)) Variables were age-adjusted to 12 years for comparisons between disease groups and the average asymptomatic proximal
femur to account for age-associated shape differences. All data are shown asmean SE. *P< 0.05 compared to the average asymptomatic proximal femur. ▬ P< 0.05, ▬ P< 0.01, ▬ P< 0.005
between groups. (B) Correlations between statistical and conventional shape variables in asymptomatic proximal femora from 6 to 18 years of age.
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tomatic and SCFE epiphyses [Mode 2: P ¼ 0.15 vs asymptomatic;
P < 0.005 vs SCFE; Fig. 3(A(vii))].
In SCFE, the effects of the degree of epiphyseal slip (mild, mod-
erate, and severe) on morphological changes were assessed. Differ-
ences in statistical shape variables between SCFE and asymptomatic
proximal femora generally increased with the severity of epiphyseal
slip. With increasing slip, the femoral neck shortened [Mode 1:
asymptomatic, 0.71  0.07; severe, þ0.54  0.20; P < 0.001;
Fig. 3(A(vi))], femoral head epiphyses displaced posteriorly [Mode 2:
asymptomatic: þ0.06  0.16; severe, 1.63  0.31; P < 0.001;
Fig. 3(A(vii))], and the S-shape contour of the superior headeneck
transition became rounded [Mode 4: asymptomatic, 0.24  0.18;
severe, þ0.96  0.40; P < 0.001; Fig. 3(A(ix))]. Mild and severe slipTable I
Statistical shape variables (mean  S.E.M.) for asymptomatic age groups
Group n Mode of variation
1 2 3 4
6e9 years 4 1.07  0.08* 0.32  0.36 0.61  0.28* 0.6
9e12 years 5 0.82  0.08*,y 0.48  0.26 0.61  0.17* 0.4
12e15 years 6 0.45  0.13y 0.47  0.19 0.20  0.17*,y 0.4
15e19 years 6 0.51  0.15*,y 0.07  0.31 0.24  0.15y 0.5
*, y, z, x: P < 0.05. Entries with the same superscript symbol do not differ signiﬁcantly frgroups were also distinguishable based on femoral neck shortening
(Mode 1) and deﬁnition of the headeneck transition region
(Mode 4).
Statistical shape variables were correlated with conventional shape
variables
The statistical shape variables [Fig. 3(A(iex))], while describing
3-D variations in morphology often not limited to a single ana-
tomical region, did correlate with a number of conventional indices
of shape and size [Fig. 3(A(xiexx))]. Mode 1, describing femoral
neck length and width as well as femoral head sphericity, corre-
lated strongly with neck-shaft angle as well as neck diameter
[Fig. 3(B(ieii))]. Mode 3, describing femoral head supero-inferior5 6 7 8
4  0.23 0.21  0.14 0.17  0.52 0.43  0.27 0.05  0.05
6  0.34 0.06  0.18 0.13  0.25 0.09  0.12 0.00  0.28
0  0.32 0.41  0.30 0.57  0.41 0.53  0.23 0.03  0.24
0  0.29 0.15  0.11 0.73  0.35 0.20  0.21 0.15  0.30
om each other.
Table II
Statistical shape variables (mean  S.E.M.) for disease groups, age-adjusted to 12 years
Group n Mode of variation
1 2 3 4 5 6 7 8
Asymptomatic 21 0.71  0.07* 0.06  0.16*,y 0.21  0.10*,y 0.24  0.18* 0.14  0.11 0.37  0.21 0.27  0.12 0.04  0.13
LCPD 6 1.16  0.31y 0.85  0.13y 0.75  0.16* 0.33  0.41* 0.26  0.64 0.12  0.46 0.28  0.62 0.20  0.57
SCFE
Mild 8 0.60  0.13*,z 0.86  0.17*,z 0.12  0.08*,y 0.58  0.19* 0.05  0.17 0.36  0.22 0.11  0.18 0.06  0.28
Moderate 7 0.07  0.21z,x 0.88  0.36*,z 0.61  0.55y 0.26  0.20*,y 0.06  0.23 0.02  0.27 0.68  0.40 0.16  0.37
Severe 4 0.54  0.20y,x 1.63  0.31z 0.35  0.24*,y 0.96  0.40y 0.51  0.43 0.46  0.26 0.04  0.54 0.44  0.32
*, y, z, x: P < 0.05. Entries with the same superscript symbol do not differ signiﬁcantly from each other.
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with medial offset of the femoral head [Fig. 3(B(iii))]. Mode 6,
affecting superior femoral head shape, correlated with head
eccentricity [Fig. 3(B(iv))]. Detailed statistics are available in
Supplementary Tables S2 And S3.
Statistical shape variables have predictive value for SCFE
A logistic regression model using a combination of Modes 2e4
variables were best able to predict SCFE outcomes, with overall
accuracy of 90.0%. Area under the ROC was 0.98, indicating
excellent ﬁt of the model. Nagelkerke’s R2 of 0.84 indicated a
strong relationship between predictors and the presence of SCFE.
Based on the Wald statistic, Modes 2 and 3 were signiﬁcant
predictors of SCFE (P < 0.05), with Mode 4 close to signiﬁcant
(P ¼ 0.09).
Discussion
The complex 3-D shapes of the proximal femora in asympto-
matic, LCPD, and SCFE hips were described with SSM in eight
modes of variation that accounted for>90% of total shape variation.
The eight shape variables were distinct with age and disease group
and correlated with conventional variable such as neck-shaft angle,
head and neck diameter, intertrochanteric distance, and head
eccentricity (Fig. 3). Asymptomatic proximal femur development
with age was characterized by extension of the femoral neck and
greater trochanter, deﬁnition of the headeneck transition, and
protrusion and increased sphericity of the medial and superior
femoral head. After adjustment for age-related shape variations,
LCPD cam and camþ pincer groups were characterized by ﬂattened
femoral heads, short and wide femoral necks, and posteriorly
positioned lesser trochanters compared to asymptomatic femora
(Modes 1 and 7), with distinct differences in AeP headmorphology
between the two groups. SCFE proximal femora exhibited short
femoral necks, posterior displacement of the femoral head epi-
physes, and lack of distinct headeneck transition with increasing
slip severity (Modes 1, 2, and 4). In addition, certain combinations
of shape variables were sensitive predictors of disease. Shape var-
iables were distinct with age and disease, described coordinated
shape differences between asymptomatic and diseased femora, and
provided insight into the morphological development of proximal
femoral deformities.
Some limitations exist in the study design and interpretation of
results. The current study only assessed morphological changes
within the proximal femur and did not analyze torsional angles
with respect to the femoral condyles or coverage from the ace-
tabulum. In addition, the analysis was performed on ossiﬁed bone
morphology, which may be affected by the stage of disease pro-
gression. Due to the limited number of LCPD cases each year that
necessitated clinical CT scans, only ﬁve LCPD proximal femora were
included in the study, compared to 21 asymptomatic and 19 SCFEfemora. As the SSM was built with three training samples per age
and disease subgroup, the small sample size in LCPD did not affect
the model and shape variables, but may limit the generalizability of
results. Also, the asymptomatic group included contralateral joints
from unilateral LCPD patients. While these hips were radio-
graphically normal, there is a potential for pre-radiographic
abnormalities in the joint23,24. Finally, the effects of age differ-
ences between disease groups were accounted for by covariate
adjustment for age. While this assumes no interaction effects
between age and disease, more patient samples are needed to
evaluate this in more detail.
Statistical shape variables provide information that is comple-
mentary to conventional variables. Substantial deviations were
evident for certain modes of variation (Fig. 2), and shape variables
delineate details that have been traditionally difﬁcult to charac-
terize, such as the headeneck transition and the trochanteric fossa
shape. Statistical shape variables were able to capture the tradi-
tionally observed anatomical-based shape changes (correlations
with conventional variables, Fig. 3) as well as complex interaction
patterns of shape changes in different regions that occurred
simultaneously. It is interesting to note that in Mode 2 [Fig. 3(G)],
which account for posterior slip of the epiphysis, values were large
and negative in all three subgroups of SCFE, whichmay indicate the
presence of a very distinct morphology present even during mild
SCFE that is not necessarily captured with the conventional
Southwick angle. Differential regulation of growth plate and
articulo-epiphyseal cartilage kinetics during developmentmay play
a role in these coordinated shape changes during normal growth
and in disease25,26. In larger population studies, as well as with
serial analysis of individuals, statistical shape variables may also be
useful for the classiﬁcation of disease and identiﬁcation of patterns
of disease progression.
During normal growth, asymptomatic femora were distinct in
morphology and showed age-associated trends in shape variables.
The progression of Mode 1 (neck length and head sphericity) and
Mode 3 (trochanter protrusion and superioreinferior head epi-
physeal position) variables with age may represent a normal pattern
of proximal femoral shape changes that are required to develop a
healthy hip joint, with deviations at a speciﬁc age point leading to
morphological deformities. Decrease in neck-shaft angle from 155
to 130 from birth to adult observed previously27 match well with
the increased Mode 1 and decreased Mode 3 variables with age,
which move the femoral head epiphysis medially and relatively
closer to the trochanters. Variations within the variables capture the
extent of shape plasticity during normal femur development.
In conclusion, this study characterized the 3-D proximal femoral
shape during normal growth and in two pediatric hip disorders,
LCPD and SCFE. Statistical shape variables described coordinated,
regional shape deformations that were distinct with age and dis-
ease and correlated with certain conventional variables of shape.
Quantiﬁcation of 3-D shape during growth and with respect to
the age-adjusted normal shape in disease is important for
E.F. Chan et al. / Osteoarthritis and Cartilage 21 (2013) 443e449 449understanding normal and abnormal deformations. Future com-
parisons of statistical shape variables between contralateral normal
and disease hipsmay providemore sensitivity to disease. 3-D shape
analyses of the proximal femur are also relevant to morphological
disorders including FAI and dysplasia, as well as differences in
morphology due to race or gender, which may increase the risk of
developing osteoarthritis.
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